Graphene is a single layer of graphite, one atomic layer of carbon arranged in a honeycomb lattice (Fig. 1a) . Since its experimental isolation on Si/SiO 2 substrates in 2004 1 and the experimental observation of the anomalous "half-integer" quantum Hall effect 2,3 , graphene has taken both the scientific and technological communities by storm. It has become an extra-ordinary 2D electron system (2DES) for many-body phenomena and low dimensional physics, as well as a promising post-silicon electron material 4-6 .
yet very conductive 17, 18 ; it conducts heat better than any other material.
Thus, suspended graphene membranes have become the ultimate platform for exploring a wide variety of topics ranging from thin film mechanics 16, [19] [20] [21] [22] [23] [24] , heat transport [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , and electronic correlations [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] .
Fabrication
Fabricating free-standing graphene devices is no easy feat, since these single atomic layer membranes are exceedingly fragile to handle, while the device geometry becomes ever more complex. For instance, transport studies often require devices with top gates, which, together with back gates, allow independent tuning of charge density and out-of-plane electric field. In our laboratory we have developed two different methods to fabricate suspended graphene devices with and without top gates.
In the first and more conventional technique, electrodes are deposited on graphene sheets on Si/SiO 2 substrates via standard electron-beam lithography. If desired, a multi-level lithography technique is employed to fabricate Cr top gates that are suspended ~100 -300 nm above graphene 46, 47 . The completed devices are immersed in hydrofluoric acid that partially removes the underlying SiO 2 layer, then dried in a critical point dryer 12, 13 . These devices that undergo lithographical wet processes typically have linear dimensions limited to 1 -2 μm, and mobility ranging from 20 000 to 150 000 cm 2 /Vs at low temperature. For comparison, the low temperature mobility values of devices on Si/SiO 2 substrates are typically lower by an order of magnitude, ~2000 to 15 000 cm 2 Lithographical processes are known to introduce surface or chemical contaminants, such as resist residues, which significantly reduce device mobility. To fabricate ultra-clean graphene devices, we developed a lithography-free technique 48 . Here graphene sheets are exfoliated across the trenches, and coupled to electrodes by evaporating metals through carefully aligned silicon shadow masks (Fig. 2c) . Realization of a doublegated geometry in these type of devices is achieved by simply (but delicately) laying down a second piece of Si/SiO 2 chip, which covers the entire suspended device and acts as the top gate. Our transport and STM measurements verified that these lithography-free devices are exceedingly clean, with no chemical residue and little adsorbates, and mobility values up to 250 000 cm 2 /Vs for single layer graphene at T = 1.5 K 48 .
Electrical properties

Mobility and annealing
The most basic electrical property of graphene is its bipolar field effect transistor (FET) behavior, where a nearby electrostatic gate (usually provided by the heavily doped Si substrate) is used to tune the density and polarity of (b) (a) Fig. 2 (a,b) By eliminating substrates, mobility of graphene devices increases dramatically, with a mean free path as large as 1 μm 13 . One caveat is that this is only achieved after a crucial current annealing step 49 , since mobility of as-fabricated suspended graphene devices is limited by adsorbates and/or resist residues. We find that the optimal annealing is typically achieved at ~ 0.2 mA/μm/layer at low temperature T = 4 K 50 . The temperature at the center of the device is estimated to be ~ PL/8aK, where P is the Joule power, L is the length, a is the cross-sectional area, and K is the thermal conductivity of graphene. Using K ~ 600 W/mK (see section below), we estimate that the center of graphene is annealed to ~ 500 K, which is hot enough to desorb the resist residues and volatile adsorbates. After annealing, device mobility at 4 K reaches 250 000 cm 2 /Vs for single layer graphene(SLG) 13 , and 350 000 -500 000 for bilayer (BLG) and trilayer graphene (TLG) devices [50] [51] [52] [53] .
Another insight into suspended graphene can be seen in the expression for r s , the electronic interaction strength, which is approximately the ratio of the inter-electron Coulomb energy to the Fermi energy. In graphene, r s ∝n -(p-1)/2 / ε r , where ε r is the dielectric constant of the environment and p is the power of the dispersion relation. Thus interaction-driven phenomena are more easily accessed at low density and in suspended graphene with ε r = 1. Interestingly, compared to SLG, r s is much larger in its few layer counterparts, since p = 1, 2, and 3 for SLG, BLG, and rhombohedral-stacked TLG (see below), respectively 6 . Thus BLG and TLG afford fascinating many-body physics, and in the rest of this section we will focus on our experiments in these systems.
Suspended bilayer graphene
In a Bernal-stacked (or AB-stacked) BLG, atoms of one sub-lattice in the top layer are located above the centers of the hexagons of the bottom layer (Fig.   3a ). BLG's charge carriers behave as massive Dirac fermions, with low energy bands given by 54 -56 E = ± h -2 k 2 /2m*, where m* ~ 0.03m e is the effective mass of charge carriers and m e is electron rest mass (Fig. 3b) . Like SLG, charges in BLG are also chiral, with layer, sublattice and spin degrees of freedom. When an external potential V ⊥ is applied across the bilayer, the band structure adopts a "Mexican-hat" shape, with a band gap ( Fig. 3c )
where t ⊥ ~ 0.2 -0.4 eV is the interlayer hopping energy. This opening of a band gap that is controlled by an external electric field has generated significant interest as a promising route to band gap engineering in graphene electronics [56] [57] [58] [59] [60] [61] [62] [63] [64] .
In our dual-gated suspended BLG devices, we can independently adjust the total charge density n and the applied electric field
that breaks the inversion symmetry, where d = 3.34 Å is the interlayer spacing,
where n bg =(C bg /e)V bg , n tg =(C tg /e)V tg , and C bg and C tg are capacitance per unit area between graphene and the gates. Data sets from two typical BLG devices are shown in Fig.4 . Clearly, σ min exhibits a maximum at E ⊥ = 0 and monotonically decreases with increasing E ⊥ of either polarity. Such behavior is expected from single particle calculations, since, from Eq. (1), the induced gap grows with E ⊥ and results in monotonically decreasing conductance at the CNP.
In contrast, device 2, which has a mobility of 80 000 cm 2 /Vs, displays a markedly different behavior ( Fig. 4b ) -namely a conductance minimum appears at n = E ⊥ = 0. In fact, this device is insulating at the CNP in the absence of any applied E ⊥ , with conductance as low as < 0.5 μS. This is further elucidated by the differential conductance curve dI/dV vs. source-drain bias V, which displays sharp peaks at ~±2 mV that strongly resembles the density of states of a gapped state (Fig. 4c,d ). This gapped state can be closed by applying E ⊥ of either polarity -with increasing | E ⊥ | up to ~15 mV/nm, the sharp peaks in dI/dV disappear and the conductance increases to ~300 μS (Fig. 4d) . Upon further increase in | E ⊥ |, G decreases again, reverting to the single particle behavior of gap opening induced by interlayer potential bias. gives rise to dramatically different transport properties (Fig. 5c ) 50 .
Our temperature dependence and dI/dV measurements ( Fig. 5d-e 
Thermal properties Thermal expansion
Most materials have positive thermal expansion coefficient (TEC), i.e.
they expand when heated, and contract when cooled. The exceptions
Fig. 4 (a) (Upper panel) Conductance G vs. n and E ⊥ for a device with mobility ~20 000 cm 2 /Vs. (Lower panel) Line traces G(n) at E ⊥ = −81, −54, −27, 0, 27, 54 and 81 mV/nm (left to right). (b) Similar data set for a device with high mobility ~80 000 cm 2 /Vs. The line traces are taken at E ⊥ = −37.5, −25, −12.5, 0, 12.5, 25 and 37.5 mV/nm (left to right). (c) dI/dV vs. source-drain bias V and E ⊥ . (d) Line traces dI/dV(V) at E ⊥ = 0 (green) and −12.5 mV/nm (purple). Adapted and reprinted with permission from 67 .
(b) (a) (c)
to the rule are membranes, which often have negative TEC. This curious phenomenon arises from the very soft ZA (out-of-plane acoustic) phonon mode in the 2D membranes, which, contrary to acoustic phonons in most materials, increases in frequency when inter-atomic spacing is increased.
Such "membrane effect", first predicted by Lifshitz in 1952 82 , manifests as negative in-plane TEC in many layered compounds, including graphite.
Though graphene was predicted to exhibit negative in-plane TEC at room temperature 24, 83 , experimental determination of graphene's TEC is very challenging. Traditional techniques of TEC measurements, such as x-ray or neutron diffraction, strain gauges, dilatometers and optical interferometry 84 , are designed for bulk materials, and cannot be applied for atomic membranes. Thus we developed an unconventional technique by heating and cooling suspended graphene membranes while monitoring their morphology change via in situ SEM imaging 16 . During the cooling process, due to the negative TEC, graphene expand but its edges are pinned by the substrates, thus it buckles and sags during the cooling process. We measure the ratio
, where L g is the length of graphene membrane's edge as measured along the arc, and L t is the length of the trench measured along the chord (Fig. 6a) . Since
, even a miniscule deviation of l from unity produces notable changes in ζ that are readily detected in the SEM images.
In Fig. 6b we plot l(T) for a SLG sheet. The slope of the graph dl/dT then yields the difference in TEC between graphene and the substrate.
The measured α graphene results are shown as the blue lines in Fig. 6 . At 300K, α graphene ~ -7 × 10 -6 K -1 , which is much larger than graphite's in-plane TEC, ~ -1 × 10 -6 K -1 , and 2 -3 times larger than theoretical predictions. This anomalously large and negative TEC value should be an interesting venue for further experimental and theoretical investigations. 50 . We note that our measurements represent a lower bound for |α|, since we assume no sliding between the substrate and graphene during the cooling process. More recently, other unconventional techniques were applied to measure graphene's TEC, by measuring thermally induced strain using Raman spectroscopy or electromechanical resonation [85] [86] [87] . These measurements verified the large TEC at room temperature, and that it remains negative for a large temperature range 30 -400 K. Another important question is graphene's TEC at high temperatures, which has been predicted to either stay negative 83 or become positive due to quantum mechanical effects 24 , thus calling for further experimental investigation.
Fig. 5 (a,b) Band structures (main panel) and schematics (inset) of ABA-and ABC-stacked TLG, respectively. (c) Minimum conductivity σ min vs. field effect mobility μ at 4 K for suspended and non-suspended graphene devices. (d) dI/dV(V g, V) for an r-TLG at B = 0 and T = 300 mK. (e) Line trace of (d) at V g = 0. Adapted and reprinted with permission from
Such large, negative TEC of graphene has important implications on graphene electronics, since the TEC differential at the interface of different materials is the most common mechanism underlying thermally induced stress, cracks and device failure. Thus, it is crucial to take the negative TEC of graphene into account during device engineering for large-scale integration of graphene devices.
Thermal conductivity
Suspended graphene has very high thermal conductivity. Because of the strong C-C bond and high phonon speed (~2 × 10 4 m/s), thermal conductivity K of graphene at room temperature is dominated by phonon contribution. In the first measurement of K 26 , a laser from a Raman spectrometer is used to induce a temperature rise that is in turn estimated by the position of the G peak of the Raman spectrum at 1580 cm -1 . This G peak arises from the doubly degenerate in-plane optical phonons of E 2g symmetry, and, due to the anharmonicity of the graphene lattice, downshifts in frequency with increasing temperature 25 . Using this optothermal technique, the "three-dimensional" thermal conductivity of graphene (assuming an effective thickness of d = 3.34 Å) is determined to be ~ 2000 -5000 W/mK near or above room temperature [32] [33] [34] , ~ 600 W/mK at ~600K 35 . For comparison, K is ~ 400 W/mK for copper and ~150 for silicon at room temperature. When graphene is supported on substrates, K decreases to ~600 W/mK 29 due to phonon leakage to substrates, as well as scattering of phonon off defects and corrugations induced by the substrates. This lower K value still compares favorably with Cu and Si. Thus graphene is a very attractive material for thermal management, e.g. as heat spreaders, for the electronics industry.
Mechanical Properties -a new wrinkle
Since its discovery, graphene has often been dubbed "carbon flatland" and depicted as a plane of very rigid "chicken wires" that remains perfectly flat. Such portrayal, together with graphene's amazing electronic properties, eclipses the fact that it is also nature's thinnest elastic membrane with exceptional mechanical properties. Suspended graphene sheets have been demonstrated to display random ripples at room temperature 88 , or act as sensitive nano-electromechanical (NEM) resonators 89-91 and impermeable membranes 92 with extremely high elastic constant 93 and strength 14 .
Our venture into this area begins when we suspend graphene membranes of 1 -50 layers by exfoliating across pre-defined trenches on Si/SiO 2 substrates. Much to our surprise, most of the graphene membranes are not flat, but form periodic ripples. These static ripples can be imaged in titled stage in an SEM, using tapping mode in atomic force microscope (AFM), or even under optical microscope for thicker films (Fig. 7a-c) 16 .
Upon closer inspection using AFM, the ripples have almost perfectly sinusoidal profile, with out-of plane displacement ζ described by ζ =Asin(2πy/λ), where A is the amplitude and λ the wavelength. They can be induced by either transverse compression in the y direction, or by longitudinal strain and/or shear in the x-direction. These ripples are analogous to those found in thin films, and arise from a competition between bending and stretching 94 ; since the bending rigidity of graphene is extremely small (for thin films, in the continuum approximation, the bending rigidity scales with Yt 3 , where Y is the Young's modulus and t is the thickness of the membrane), graphene deforms readily to form ripples under tiny tensile strain.
From classical elasticity theory, we expect that the ripple parameters, including A, λ, length L, thickness of membrane t and Poisson ratio ν are related by the following equations,
and The tensile strains γ in these atomic membranes, while difficult to determine using conventional techniques, can be readily obtained by
for strain-induced ripples 94 . For our suspended devices, γ ranges from ~0.016 % -0.3 % in thicker films, to as large as 1.5 % in SLG and BLG (Fig. 7e) .
To generate compressive strains, we take advantage of graphene's negative TEC and thermally cycle the devices. With increasing temperature T, the large mismatch between the TEC of graphene and the substrate puts the former in biaxial tension. Conversely, upon decreasing T, graphene expands and, as is its edges are pinned by the trench edges, is under compressive strain. Because of its extremely small bending rigidity, the strain is accommodated by out-of-plane deformations, thus producing buckles in the x direction and ripples in the y direction. Since the compressive strain arises from the difference in TEC between the substrate and graphene, the amplitude of the ripples
where ΔT is the change in temperature. This is indeed borne out by experimental data 16 .
The above experiments demonstrated the membrane nature of graphene. More recently, there is growing interest in understanding wrinkling and crumpling instability in graphene [19] [20] [21] [22] [23] . For instance, the wrinkle formation in graphene can be accounted for by the "wrinklon" theory 23 . A wrinklon describes a localization transition region in which two wrinkles merge, resulting from boundary confinement and gives rise to a universal self-similar hierarchy of wrinkles. This theory is validated for thin films with thickness spanning 6 -7 orders of magnitude, ranging from atomic graphene membranes to large window curtains. Thus graphene, with its atomic thickness and unparalleled aspect ratio, has become the ultimate thin film to explore membrane physics and mechanics.
Conclusion
Graphene is truly a unique material, with the double identity as both an elastic membrane and an electron system. Suspended devices have enabled many of the most revealing experiments on graphene to date, from its membrane-like suppleness and elasticity, optical transparency, to its fantastic mobility, thermal conductivity and accessibility of interaction phenomena. Free-standing graphene should continue to yield insights into this electronic and optical membrane. A unique and particularly attractive direction is the interplay between the "hard" and "soft" aspects of graphene. For instance, ripples and strains in graphene are more than just mechanical curiosity, since the local electronic properties of graphene is intricately related to its local morphology: strain changes the momentum of charge carriers, thereby creating both scalar and vector potentials; spatial or temporal variations of these potentials may thus create effective electric and magnetic fields. Various theoretical proposals suggest fantastic possibilities such as electron super-collimators 95,96 , anisotropic transport 97 , modification of band structures 98 , and generation of effective magnetic field 99,100 . Realization of such "strain-tronics" in transport studies represents an interesting and promising challenge.
Other possibilities include triggering quantum phase transitions among the ordered states in BLG via strain, and using curvatures to induce selective functionalization and create superlattices. Thus, uniting the traditional division of "hard" and "soft" condensed matter physics, many novel phenomena await in this electronic membrane. 
